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ABSTRACT 


The Rockefeller Ulectrostatic Generator at M.I.T. was 
used as a source of protons for a study of the (p,n) reaction 
on E* Two 3 Kev and one 8 Kev targets were employed. The 
Rockefeller Generator is equípped with nuolear resonanoe oon- 
trol of the analyzing magnetio field for determining end oon- 
trolling the proton beam energy. A long counter was used for 
neutron detection. Nine resonances were found in the proton 
energy range between 1.180 Mev and 3.125 Mev, at 1.165, 1.310, 
1.664, 1.789, 1.883, 2.024, 2.079, 2.272, and 2.451 Mev. The 
proton energy, neutron yield, resonanoe width at half-emaxinun, 
and target thickness of each resonance are tabulated. A par- 
tial energy level structure of γ᾽ ín the region between ap- 
proximátely 11 to 12,5 Mev above the ground state is compared 


with the level structure obtained from other sources, 








TABLE OF CONTENTS 





ABSTRACT 600060 0000060008000000000600000000000000000000 1 
LIST OF FIGURES еегеееееееееееееееееееееееееееееееев 111 


LIST OF TABLES ,.....ececccccccceccccccoscceccoscccto IY 

CHAPTER I ~ INTRODUCTION o.sornoronsnsrscosossssoso 1 
CHAPTZR II - DESCRIPTION OF APPARATUS AND TARGET 

PREPARATION ,......................... 10 

CHAPTER III - EXPERIMENTAL PROCEDURE ..ooooooorrrvos 28 

CHAPTER IY - EXPERIMENTAL RESULTS ..coooooossnsoscco 31 

A. Unenriched Sodium Cyanide Target ...... 31 

В. First Enriched Sodium Cyanide Target .. 34 

C. Second Enriched Sodium Cyanide Target . 39 

D. Third Enriched Sodium Cyanide Target .. 47 

CHAPTER V - CONCLUSIONS ccocccccccccccccccesccccccce 57 

BIBLIOGRAPHY ccccccccccccccsccccccccccccccsccessece 62 

ACKNOWLEDGMENTS ................................... 64, 


APPENDIX A - Table Y - Conversion of Frequency to 
Energy-Ke/Kev т-еееебегегеееееееееееееее 66 


APPENDIX B - Figure 15 - Proton Energy Loss Per 
Unit Target Thickness vs Proton 


Energy КАХА Я] 67 


APPENDIX C - Magnetic Field Regulation Using Nuclear 
Magnetic ROBONANCE со оооооооооооооооо 68 








Figure 


Figure 


Figure 


Figurs 5 


Figure 
Figure 


Figure 


Figure 


Figure 


Figure 


Figure 


10 


11 


13 


- 111 - 


LIST OF FIGURES 


Rockefeller Electrostatic Generator 
with Pressure Tank Removed secccccccece 


Rockefeller Electrostatic Generator 
Cross-Sectional Drawing Фөзеееовеәеововоев 


Experimental Set-up Showing Analyzing 
Magnet, Rotating Target Holder, Target, 
and Long i ol Το οὔ ο 


Rockefeller Generator Control Console „ 
Rockefeller Generator Control Console 


Showing Nuclear Resonance Control 
Frequency Meter ВЯ) 


Раде 


16 
18 


20 


Cross-Seotional Sketch of the Long Counter 25 


Hegtron Yjgld from the Li'(p,n)Be" and 
G (p,n)N Reactions .oooooonornoncoso 


Neutron Yield om the ol pn) Nt Re- 
action with Cl Contamination vs. Pro- 
ton Energies of 0.975 Mev to 2.200 Mev. 
First Znriohed Масин Target e......e 00050 


LA М 
Neutron Yield from the C (p,n)N”* Re- 
action with Cl’’ Contaminant vs. Pro- 
ton Energies of 1.155 Mev to 1.175 Mev 
and 1.870 Mev to 2.150 Mev. First En- 
riohed NaCN Тагрв% .......--........... 


14 
Neutron Yield from the C '(p,n)Nl^ Re- 
action vs. Proton Energies of 1.06 Mev 
to 2.45 Mev. Second Enriched NeON Target. 


Neutron Yield from the cèi p,n) y Reac- 
tion in Vicinity of Resonances whose 
Maximum Values oocur: at 1.165 Mev and 
1.310 Mev. Second Enriched NACN Target . 


Neutron Yield from the cip, nin?” Reac- 
tion vs. Proton Energy of 1,15 Mev to 
2.60 Mev. Third Enriohed RaCN Target ο 


Neutron Yield from the cin A Reac- 


tion vs. Proton Energy of 1.950 Mev to 


2.200 Mev. Third Enriched NaCN Target. 


33 


36 


bl 


b3 


L6 


49 


52 








» iy = 


LIST OF FIGURES (continued) 


Page 


15 
Figure ll - Partial Energy Level Diegrem for N ο. 61 


Figure 15 - Proton Energy Loss per Unit Target 
Thickness vs. Proton Energy ....6...... 67 








Table 


Table 


Table 


Table 


Table 


I 


II 


ITI 


LIST CF TABLES 


lk 
Ppgitions of Resonances in the C (p,n) 
N f 


Reaction expressed in terms о 
Proton Znergies іп КӨТ ..66%%%%%6%6..... 


Proton Energy, neutron yield, Target 
Thickness, and width at half-maximum 
amplitude of resonances found in the 
third enriched HaCN Targst Феееевеевеввееее 


Calculation of Target Thickness and Re- 
sonance Widths at half-maximum .6666»%6е» 


Popitions of Resonances in the 2 aspi 
N^* Reactions Expressed in terms of 
Proton Energies in Kev ..ooooroornsorsono 


Conversion Factors for Converting Proton 
Energies, Kilooyoles to Kew ..... «ccce 


Page 


55 


56 


59 


66 








CHAPTER I 
INTRODUCTION 


The interaction of nuclear partioles with nuolei is being 
used extensively in the study of the structure of nuclei. Based 
on Bohr's hypothesis, nuclear reaction usually can be considered 
as taking place in two steps. The bombarding particle oombines 
with & nuoleus to form an excited compound nucleus which then 
decays aither by the emission of & partíole or a gamma ray. In 
the work reported here, a proton combines with the C A nucleus 
to form an excited state of - which subsequently disintegrates 
into ы in the ground state with the emission of a neutron. 
The oross-sectíon for the formation of the compound nucleus 
is given by Blatt and Weisskopf (B150) as: 


Milo? s (2 Бал) ТАР т^ 
о р р 


where £ ia the angular momentum of the bonbarding proton, and 
Tis the transmission coefficient of the nuclear surfaoe for 
the proton. The transmission coefficient, a, gives the per- 
centage of protons incident upon the nucleus which will peno- 
trate the potential barrier. The computation of the values 


Ё 


of Тр for protons is quite complicated but is given in some 
detail in (8150). For the present we consider only that 4 
ls largest for small values of É and decreases repidly as £ 


increases. 
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The potential barrier surrounding a nucleus for a parti- 


ole of mass m is given by Blatt and Weisakopf (B150) as: 


2 
(2) Ur) = V(r) + Аде. ц where 
2mr 


V(r) is the coulomb potential at a distance (г) 
from the oenter of the nucleus, and 


eke. 1) ің the centrifugal potential. 
2mr^ 

The “centrifugal” potential appears in the wave equation re- 
duced to one-dimensional form and is a fictitious mathematical 
contribution to the potentiul barrier for partioclss which do 
not make head-on collisions with the nucleus. It should be 
noted that the "centrifugal" potential 1s zero for protons 
with l= О, and the potential barrier for suoh protons is 
merely the coulomb potential. The ooulomb potential of C 
18 oomputed to be 2.38 Mev using equation (3) and taking the 


-13) 1/3 


nuclear radius R = 1.5(10 where A = atomic weight 


and 2 $9 atomic number of the bombarded nucleus. 


s" de 
(3) v(r) = 2262 = 6(1) (4.8 х 1010) « 3.82 (10) orgs 
? 1.5(10)7 24/2 
= 2.38 Мет. 


Bombarding protons (Z = 1) of energies up to 3.5 Mev were 
used in these experiments. antum mechanically low energy 
protons ( 2.38 Mev) huve a small but finite probability of 


penetration which increases exponentially with increase in the 








- 


energy of the proton, The energy ranges for which this is 

true depend on both the height and thickness of the potential 
barrier.  Sinoe there is no coulomb barrier for the emission 

of neutrons from the compound nusleus, the barrier penetration 
factor, т^, will be a function only of the "centrifugal" barrier 
which varies with the angular momentum of the neutrons in the 


following manner: 





έ 
ms € 
0 pe = 1 
2 
тв A 
1 + ЖЕ 
2 τ΄ = x” 
9. 3x^ + x 


where x = R , R being the nuolear radius given above and 


being the de Proplið wave length of the enitted neutron divided 
by Ar. Since there is no "centrifugel" berrier for /- 0 neu- 
trons, the cross-seotion for the (p,n) rerctíon 13 approxi- 
mately aquel to tho oross-seotion for tie formation of the 
compound nucleus (given on page 1), provided neutron emission 
is energetically possible, i.e., the bombarding proton has an 
energy greater than the (p,n) threshold energy for the target 
nucleus. 

Were it not for the effeot of resonunces the cross-ssotion 
for the (p,n) resotlon would be the procuct of the cross-section 


for the formation of the compound nucleus, equation (1), and 


-- 








= 


the cross-section for the emission of a neutron of which τί 
forms a part. The familiar Breit-Wigner relation expresses 


this over-all cross-section as shown in equation (4): 


ғ 
2 
(4) ел (22+ 1) of fla _ where 
T (men )24/72 
TER) +f 
k 
A = D where m is the maps and v the velocity 


2rmv of the incident proton in the center 
of mass system. 





2 
/ р is the half-width for emission of a proton of 
angular momentum / from the compound nuoleus. 


ГА is the half-width for emission of a neutron, 
of any possible angular momentum or energy. 


Ы 1в the total level width, the sum of the 


partial widths of all processes by which the 
oompound nucleus oan decay. 


ez is a statistical weight faotor. 


The application of the Breit-Wigner relation to the ex- 
perimental results oontained in this thesis is the subjeot of 
an intensive study now in progress by other members of the Nu- 
Clear Shielding Group. As a result of this study, it may be 
possible to assign /-values to all of the observed resonances, 
However this is not possible at the present time. This thesis 
summarizes the experimental procedure and the experimental re- 
sults obtained, but gives only a very general consideration to 


the theoretical aspects of the problem, 


PREVIOUS INVESTIGATIONS 


Shoupp, Jennings and Sun (Sh48), in 1947, investigated 
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14 1% 
the threshold end resonanoes 1n the C (p,n)N reaction and 


tho energy levels of M This reaction ls the inverse of the 
Bue process investigated by Barschall and Battat in 
194,6 (Ba46), Hughes and Eggler in 1948 (Hu4S), Stebler and 
Huber in 1948 (St48), and Johnson and Barschall іп 1950 (2050). 
The energy levels of 4” determined by these previous 
investigations were not in very good agreement. The threshold 
of the бы κ reaction was found by Shoupp et al. to be 
0.664 + .009 Mev. They used a thick C target, a one-milli- 
meter layer of Васо. powder containing 2.7 percent of οὐδ; 
The threshold energy was determined by extrapolating the ex- 
citation function to the threshold by a method based on a yield 
equation developed by Stephens, Spruch, and Schiff (St47), 
whose work indicates that the neutron yield near the threshold 


3/2 
should vary directly with (Ep - E.) , where E, 1s the proton 


р 
energy and E, the threshold energy. This theoratical relation- 
ship involves the assumptions that the reverse process, the 
capture of a slow neutron by ü obeys a l/v law and that no 
resonances exist near the threshold. Subsequently Tollestrup 
st al. (To50) have calouluted the value of the ca 
threshold to be Е, = 671 Kev based on the best measured value 
of Q (626 Kev) from nuclear reactions and mass speotrographio 


measurements. This value of Е, із used in this work, 
1 


Shoupp et al. used also a thin C target to determine 





1% 
the resonances in the C (p,n) y? reaction, This target was 


prepared by allowing Co, containing ci^ to react with a very 
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thin layer of Ва (ОН) which had been sprayed on a tantalum 
plate. This reaction produced a small amount of Beco, oon- 
taining C . The beta activity was found to be 0.26 micro- 
curie per om^, About 2.7 percent of the carbon atoms were 
κ. and the thickness of the коо. wes about 6(10) 76 оп. They 
estimated a target thickness of 3 Kev at a proton energy of 
1,14 Mev. This astimate of target thiokness is questionable, 
The measurement of the ы” radioactivity to determine the 
amount of Фе in the target is subject to considerable error. 
It 1s doubtful that the layer of ве (он), which was sprayed on 
the tantalum backing plate was of uniform thiokness, but wes 
more probably a non-uniform orystalline surface. There is also 
considerable doubt that all of the BOK) , wes converted to 
Baco, а would result 1п a thicker target then indicated 
by the С radioactivity. They Observed strong resonanoes at 
1.14, 1.30, and 2.05 Mev and doubtful ones at 1.47, 2.21, and 
2.65 Mev. The confirmation of the doubtful resonances was 
impossible beceuse of tha -Jaok of resolution of their experi- 
mental method. This lack of resolution is discussed in Cha 
ter IV, "Experimental Results." They oaloulated the oross- 
seotion of the prooess to be about 0.7 barn for the top of the 
first resonance. 

The following reactions are known to ooour in nitrogen 


under bombardment by fast neutrons: 


14 


gu’ +n — >» 60 + p + Q) 


14 11 
Nun — 53 на + 9, 








a Je 


Using neutrons from the ү reaction, Barsohall and 
Battat (Bal6) measured ths cross-sections of these reactions 
for neutrons of energies between 200 and 1700 Kev. They ob- 
served resonanoes for neutron energies of 550, 700, and 1450 
Kev. 

Stebler and Huber in 1948 observed resonances for the 
EE. uc reaotion for neutrons of 480, 640, and 1410 Kev, 
and for the һыу? reaction for neutrons of 1410 and 1770 
Kev. 

More reoently, Johnson and Barschall measured the oross- 

1) 1), 11, 

Sections for the reactions N (n,p)C anda N (n,a)B for 
neutron energies from 150 to 2100 Kev. Resonances for the 
(n,p) reaction were found at 499, 640, 993, and 1415 Kev, and 
for the (n,a) reaction at 1415 and 1800 Kev. 

The positions of these resonances are tabulated in Table 
I for ready comparison. 

Malm and Buechner (Ma50) in 1950 investigated the N 
NE reaction with 1.4 Mev deuterons. The protons from 
the reaction were analyzed into energy groups by a high-reso- 
lution magnetic spectrometer. Their trajectories were loosted 
by ascertaining where they struok a nuclear track plate lo- 
oated in the annular gap of a large annular magnet in a posi- 
tion diemetrioally opposite to that of the target. Several 
groups of protons appeared, each characterized by a speoifio 
energy. The differences in proton energy correspond to dif- 


5 
ferenoes in the excitation energy of the residual nucleus,N , 
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and energy levels of this nucleus were determined at 5.276, 
5.305, 6.328, 7.164, 7.309, 8.315 Mev,all + 0.006 Mev. They 
also disoussed similer work by Guggenheimer, Heitler and Powell 
(Gu47) and Vyly ("yL9), and - i us ap work by Kinsey, 
Bartholomew, and Walker (Ki50),. 

It has been generally assumed in the concept of the com- 
pound nucleus that the energy levels of a nucleus are the same, 
regurdless of the process by which the nuclide is formed. How- 
ever, an insufficient number of nuclei formed by two or more 
different processes have been studied to establish beyond ques- 
tion the DA of this theory. Since the reported energy 


5 
levels of N formed by the two prooesses 


14 25* 14 
C +p— N — N ча 


х." +n و‎ E p^ + р 
were not 1n very good agreement, it was considered worthwhile 
to restudy them with the greater resolution availeble with the 
Rookefeller electrostatio genaretor equipped with the nuclear 
resonanoe control of the analyzing magnetic field. The expari- 
ments on the first process ere reported іп this work, The ве- 
cond prooess was studied conourrently here at K.I.T. by Hinohey 
and Stelson (H151) aná their resultas along with those of these 
experimenta are listed ín Table IV, Chapter V. The energy 
levels of b. found in these two experiments are in excellent 
agreement and indicate the existence of three levels not pre- 


viously reported. 








CHAPTER IL 
APPARATUS AND TARGET PREPARATION 


The Rockefeller Xleotrostatio Generator is an almost 
ideal source of monoenergetic protons or deuterons in the 
energy range of approximately 0.5 = 4.0 Mev as bombarding 
particles for nuclear reactions. The principles of the gen- 
erator heve been discussed in detail by Van de Graaff and 
others (Ya31), (V&33), (Va48), (Tu35), and (He37). A photo- 
graph of the Rockefeller generator with the pressure tank re- 
moved fs shown in Figure l. Л oross-sectional sketch of the 
generator is shown in Figure 2. The experimental set-up 
showing the proton beam analyzing magnet, rotating target 
holder, target, and long*tounter is shown in Figure 3. The 
center and right-hand sections of the generator oontrol oon- 
sole are shown in Figure 4. ‘The center and left-hand sections 
of the generetor control console, showing the nuclear reso- 
nenoe control frequency meter, are shown in Figure 5. This 
discussion is limited to the energy, intensity, focus, analysis, 
resolution, and stability of the protons used in this experi- 
ment. 

The maximum voltage attainable is diotated by the dielao- 
trio strength of the insulcting gus and the breakdown voltage 
of the column and tube insuletion. The meximum voltage ob- 
tained at the time of these experiments waa 3.5 Mev. However, 


the generator hag been on oooasion operated at + 4.2 Mev. A 











Ficure 1 


ROCKEFELL™R FLECTROSTATIC GENERATOR WITH 
PRESSURE TANK REMOVED 


Б. (This photogreph was taken prior to the 
installation of the positive ion source 
and eccelerator tube) 











к» A _ 
у EN 


| DA i 
: NS «мү RN АА 
8 \ АМА 


“ 


T s И || ҮҮ | 


r x 











Figure 2 
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ROCKSTZLLER ELEZOTPOSTA"IC GENERATOR 
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Figure 3 


EXPERIMENTAL SET-UP 3110. ING 
(1) ANALYZTNG MAGNXT, (2) ROTATING TARGET HOLDER, 
(3) TARGST, and (4) LOK COUNTER. 
The long counter has been moved away from the 


target sufficiently to nermit a view of the 
target. 




















Figure | 
ROCKEFELLER GENERATOR CONTROL CONSOLE 


Proton Beam Mioroammeter shown on 
top of central section. 



















Figure 5 
'FELLER GENERATOR CONTROL CONSOLE SHOWING NUCLEAR 


RESONANCE CONTROL FREQUENCY METER 




















radio frequency lon souroe ig used. The protons are ejected 
into the eccelerating tube by a repeller electrode. A maxi- 
mum current of about 20 microamperes of analyzed protons oan 
be obtained. 

The ion beam from the source is fooused by a lena of 
adjustable voltage (50 Kev max.) located below the source 
orifice. At the lower end of the aoceleratíng tube are two 
pair of adjustable entrance slits which limit the size of the 
beam passing through. A set of sixteen deflection rods, spaced 
at 22 1/2° intervals, is mounted inside the accelerating tube 
extension and conneoted to two D.C. voltage supplies. The 
rods are connected together by resistors, and the voltages 
applied to rods 90° apart form a directional field which main- 
tains the beam in the center of the slits. 

The beam then passes through an analyzing magnetio field 
which defleots it through an angle of 90°. At the end of the 
analyzing chamber, the beam 1s agaín limited іп oross-seotion 
by a pair of insulated exit slits.  '"henever the beam is not 
centered on the exit slits a voltage differential exists across 
the slits, and this voltage is amplified eleotronically and 
used for voltage stabilization. The beam entering the defleo- 
tion chamber in the magnetio field passes through the entrance 
slits which are usually set at an opening of about 1 om x 
l mm, with an exit slit 1 mm. wide, the size of the spot on 
the target is about 1.5 mm. x 1.5 mm., and the energy spread 


of the proton beam is of the order of 300 volts. 


222 - 


The magnetio analyzing field is stabilized to about 
«0056 by the nuclear rasonance method. This method allows 
readings to be taken at intervals of about 0.2 kilovolt. 
Since the nuclear resonance frequency is proportional to the 
magnetio field, this device may be used as a measure of the 
magnetio field, and therefore of the energy of the proton 
beam. The energy of the beam is proportional to the square of 
the frequency, 6g, Е = xt“, The proportionality constant, К, 
was oalculated from the w threshold (determined by Herb 
(He49) to be 1.8822 Mev). The frequency corresponding to this 


energy is 10.485 me. Therefore: 


E 


k= O x= 1,8822 = 0.0179121 8Z, = 17.121 ΚΘῪ 
n^ (10.485]^ (no) (mo)? 
ο 


This value of k was ussd in these experiments. The acouracy 
of the measured value of the energy of the beam is limited by 
the variation of the value of k with energy (<.02%), the ao- 
ouraoy of the frequenoy measurement (.002$), the width of the 
beam-defining slits (.15% for 1 mm. slits, .075% for 0.5 mm 
81148), the possible error in the value of k dus to the uncer- 
tainty in our determination of the й threshold (0.1$), а 
drift in the value of k between calibrations (0.05%), and the 
use of the non-relativistic equations used in the derivation of 
the frequenoy-enerey relationship (<0.05%). The magnitudes of 
these errors are discussed in greater detail by Sohoenfeld and 


Duborg (9651), They estimated that the energies of the proton 
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beams are accurate to within 0.1%, relative to Herb's measured 


? 
7 


value of the Li (p,n) threshold. A discussion of the principle 
and operation оГ the nuclsar resonance mapnet control is given 
in Appendix С. 

The generator voltage is stabilized by means of the oor- 
ona current to an assembly of seven sharp points looated near 
the high voltage terminal. The voltage differential existing 
across the exit slits is transmitted electronically to the 
corona control system so that the beam remains on the target 
at the energy determined by the magnetic field, 

The neutron yield was measured by a long counter which 
is similar to ths one describsd by Hanson and ioKlbben (HaA47). 
This counter operates on the principle that neutrons striking 
mee peraffin lever sarsoundies the Gnriched T counter will 
be slowed down so that the sensitivity of the dovioe will be 
relatively independent of the energy of the incident neutrons. 
The geometry of the long counter used in this experiment is 
shown in Figure 6. «illard ("i50) determined that the relative 
sensitivity of this counter increased from 0.9 at a noutron 
energy of 0.1 iev to 1,0 et 1 Mev end remained constant to the 
maximum neutron energy obtained. This sensitivity was obtained 
with the counter axis parallel to the proton beam. Although 
it is not known how the sensitivity varies when the axis of the 
counter is perpendicular to the proton beam (es used in the рге- 
sent work), such knowledge is not essential for the purpose of 
this experiment. The counter was placed as close to the tar- 


get as precticable (3 om.) in order to subtend as large a solid 
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angle as possible. 

The pulses obtained from the long counter were ampli- 
fied by a Nodel 101 preamplifier and Model 100 amplifier 
(E149) feeding into an Atomic Instrument Company scaler. 

The voltage of the center wire was maintained at 2240 volts. 
The counter was checked frequently against a 1 mg. radium- 
berylium neutron source, 

The targets used in this experiment were prepared by 
Baird Associates of Cambridge, Massachusetts, by evaporation 
in vacuo of NaCN placed in a tantalum boat onto е tantalum 
backing plate. A thin terget prepared from ordinary NaCN was 
obtained initially and bombarded at considerable length to 
determine the durability of the target. The neutron yield 
from a trace of lithium in the target remained constant dur- 
ing a bombardment of several hours, therefore the target pre- 
paration method appeared to be satisfactory and authority was 
obtained from the Isotopes Division of the A.E.C. at the Oak 
Ridge National Laboratory to purchase two millicurie of C 
in the form of NaON from Tracerlab, Ino. 

A thin target of NaCN enriched in o was obtained. 
Upon bombarding this target with protons of energy up to about 
2.5 Mev, it was found that the target was contaminated with 
chlorine. The thickness of the target was estimated to be 3 
Kev based on the width at half-maximum of a well-defined ohlo- 
rine resonance. 


Tracerlab, Inc. then attempted to eliminate the chlorine 
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contamination. A supply of NaCN containing ordinary carbon 
which had been deliberately contaminated with chlorine and 
then purified was obtained and a thin target prepared. A 
test run indicated that the chlorine contamination hac been 
successfully sliminuted, and ea purified supply of NaCN con- 
taining sa was obtained and a second thin target of enriched 
NaCN was procured from Baird Associates and bombarded. A 
final run was mede with a third enriched target, thicker than 
the first two, to get a neutron yield that was well above the 
background. 
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CHAPTER III 
EXPIRIWENTAL PROCEDURE 


Ths target was mounted in a rotating target holder ec- 
centrio to the proton beam. The long counter was placed at 
a distance of 3 см. from the target with the axis of the coun- 
ter horizontal and perpendicular to tho proton beam. In this 
position the counter subtended a vertical aro of 106° and a ‘> 
horizontal aro of 1690, Since the E enrichment of the NaCN 
was quite small (approximately 0.55% of the NaCN target atoms 
were p" atoms) it was considered necessary to place the coun- 
ter as close to the target as practicable in order to obtain 
a reasonable oounting rate. For a 3 Kev (6x 1076 cm) target, 
and using the 0.7 barn cross-section estineted by Shoupp et al. 
for the l.14 Mev resonance, 4 maximum yiela of 7,5 (10) nsu- 
trons per microampere of protons is estimated. 

For /= 0 protons the neutron yield will be isotropio 
in the center of muss system and slightly forward іп the lab- 
oratory system, For £ 20 proton3 the distribution 18 not 
known, nor was it determined in these experiments, but ів 18 
probably anisotropic. 

Hanson and Mexibben (Па47) found the absolute sensitivi- 
ty ог the long counter to be such that it would give about 1 
count for every 10? neutrons emitted from a source plaoed at 
a distance of 1 meter from the front face of the counter. 
The counter used in these experiments differed from that of 


Hanson aná MoKibben in that the paraffin had a covering of 


e 


cadmium to absorb incident tharmal neutrons therby reducing 
the background. The absolute sensitivity of the long coun- 
ter used in thess experiments was not determined. 

It is understood thas, compounds conteining a much 
greater enrichment of m will soon be evaileble from Oak 
Ridge. <A target with a larger percentage of rt atoms would 
provide sufficient neutron yield to permit locating the coun- 
ter axially with respsct to the proton beam and at a greater 
distance from the target. It may also be possible to study 
the angular distribution of the nautron yield. 

The operation of the long counter, amplifiers, and scaler 
was checked before end after sach run by msans of a radium- 
beryllium neutron source. <A proton beam of 3 to 7 microanperes 
from the Rockefeller senerator was directed onto the targst. 
The proton energy was set and held constant by means of tho 
nuclear resonance magnet control while the neutron yield for 
a riven number of protons was obtained. The number of pro- 
tons wes indicated by the beam current integrator, 400 micro- 
coulombs being used at each energy. Іп general the neutron 
yields were obtained at energy intervals corresponding to 10 
Ko on the nuclear resonance frequency control (i.6., about 
2.6 Kev at 1 Mev energy and about 4.5 Kev at 3 Mev energy). 

In the vicinity of resonances, or suspected resonances, the 
intervals were reduced to 5 Ko or less. The conversion fec- 
tor of Ko to Kev was determined from Table V in the Appendix. 

The neutron background was obtained by bombarding a plain 
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tantalum tarest over the sume proton enercy range in the 
first series of runs. In the runs made with the purified 
NacN target, the background was obtained during the runs by 
periodically closing the flap valve just ahead of the Ç 


thus preventinc the rroton beam from impinging on the ta: 











CHAPTER IV 


EXPERIMENTAL RESULTS 
AÑ A sas. — me 


Unenriched Socium Cyenide Tarpet. 
This thin target, prenared by Baird .ssociates by 


evaporating ordinary sodium cyanide in vacuo onto a tantalum 
backing plate, was used to determine whether the carbon would 
stay in place under prolonged bombardment with protons.  Adam- 
son (Ad50) had found it necessary to deposit a thin layer of 
gold over the cyanide to prevent volatilization. 

The plot of the neutron counts per miorocoulomb for this 
target, Figure 7, showed a threshold at a proton anergy of 
about 1,88 Mev and a resonance at about 2.26 Mev, both charac- 
teristic of m In addition the om threshold at about 3,26 
Mev found by Adanson (1450) was also observa, Sustained bom- 
bardment at bass currents up to 10 microamperes proved that 
the method of target preparation was satisfactory, that the oar- 
bon;would stay in place under prolonged bombardment, and that 
the gold foil cover used by Adanson was not required for tnis 
τι. Over a period of several hours bombardment the neu- 
"mes yield for a given proton energy decreased but slightly. 

Тһе lithium contamination occurred in the target prepara- 
tion as lithium targets had been prepared in the evaporation 
apparatus immediately preceeding the preparation of this target, 
and the apparatus hed not been cleaned thoroughly enough to re- 


move all of the lithium. The lithium in the target proved to 
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Figure 7 
7 7 13 13 
NSUTRON YISLD FROM THE Li (p,n)Be ANDC (p,n)N REACTIONS 
1 


3 
The C occurred in its usuel abundance in the 
unenriched sodium cyanide target. The lithium 
was probably present as a contaminant inadvertently 
introduced during the evaporation of the target, 
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be fortunate as it provided a number of well-defined peaks by 
which the neutron yield over a period of bombardment could 


be checked. 


First "Tnrichsd Sadlum Cysnide Tar-et. 

A thin target (3 Kev at proton energy of 1.165 Mev) of 
NaCN enriched in б vas prepared by Baird Associates by the 
method described in Chapter II. This target was bombarded 
with an average proton beam of 5 microamperes at proton ener- 
gies from 0.975 Mev to 2.500 Μετ. The plot of the neutron 
yield vs. proton energy i3 shown in Figure 8 by the solid 
line. Since this terget exhibited a large number of sharp 
narrow resonences above S proton energy of about 1.64 Mev the 
target was believeu to be contchinated with sore heavier ele- 
ment. Dr. .—-e:tos of thé Shielcing Group suggested that the 
most likely contamination was Cl , 

A thin terpet of NaCl was prepared by Baird Associates 
and the neutron yield investigated by cohoenfeld and Duborg 
(5651) using the Rockefeller generator аз а souroe of protons, 
Since the threshold energies of hide апа ва ОЕ were 
well above the proton energies used, they did nct enter into 
the reection. Their results are shown plotted to the sane 
proton energy scale but different neutron yield scale in the 
upper right corner of Figure & The coincidence in the proton 
energies of the resonances is such as to leave little doubt 


that the NaCN target wes contaminated with chlorine. The con- 


NEUTRON COUNTS/ 


MICROCOULOMB 





Д 
O 


ΓΟ 
O 


O 





Neutron ` 





LO 
O 
Y) 
u 
QD 
ва 
ο 
Ф 
+ 
J 
4 
LL. 








Neutron Yield from C'* ( p,n) Ν΄ (Figure 2, Ref. Sh 48) 





\ 


ek 
— —— - am - ‚лр “м... απ” 


— 





i 
A nn 
Е au 


D 


2 | 
= 
О | 
Qc 
O | 
` 
O | 
c" 
a 
| 
| 
| 
| 
| 
| 
| 
| 


Q 
© 
0) 


— _ 


2100 


2.000 





l 


— 





- 37 - 


temination was so severe that determination with certainty of 
any resonences in C above a proton energy of about 2.15 Mev 
was impossible, However, as in the case of lithium contami- 
nation in the unenriched NacN target, the chlorine oontamina- 
tion served a useful »urpose. .\ well-defined chlorine reso- 
nance served to detsrmins the meximum thickness of the target 
from which the width of the E resonance at a rroton energy 
of 1,165 ¡ev was calculated, 

This resonance width was determined by a method described 
by Fowler et al. (Foe), The observed width at half-maximum 
of = resonances 13 approximately 2 Kev at 1.875 Mev proton 
energy. This sets a limit of 2 Kev on the maximum target thick- 
ness at this energy whioh is corrected to 3 Aev at the 1.165 
Kev of ths E resonnüoe,. The measured value cf tne width at 
half-muexinuu mp = В.5 Kev. The true width of the anergy 


level,/', is 


2 2 
αυ ο < Jens) οὗ τα 


By use of the neutron yield ratio, the thickness of 
subsequent а targets was determined, This will be discussed 
in greater detail under the results obtained with subsequent 
targets. 

Investigation of the target preparation technique and 
equipment indicated that it was unlikely that the contamina- 
tion occurred during the target preparation, Traoerlab was 


notified that the Nach supplied by them was contaminated with 





what appeared to be chlorite. Tansy agreed to investigate 
immediately, altho. оиз wire 1 ive certain that the contami- 
netion was not dus to their processiug but was probably in the 
ποσα} supzlicd io taam by Ja: Ridge. In order to ohwek the 
efficacy of -zeir ,uriticution teckni ue Tracerlab finet mu 
pliea a quantluy оі ordinery Nutn wulch hud been deliberately 
conteminated with chlorine end then purified. .. thia target 
was propareù in tue usual даппег by Baird »ssociates and bom- 
barded in the region of proton energies between 1.960 Mev and 
1.990 ifev in 1 Kev steps., ihe neutron yield in this region 
Showed nv 2csonences Nencs this technijue for the elimination 
©. chlorins was considerst successful. “recerleb then pro- 
ceeded with tre .uríicie?vrion of tue suriched Kuch, 
14, 14 

The neutron yitad irom the C (p,n)W reaction obtained 
Oy Husupp 26 Ci. (Un4-) 13 suO0Wh uy 4 QasheG liue on .igure 8 
Гог сомраг1300. hy eoineluenes la proton energies of the re- 
sonances із Tair except so. tle first muich aiflsrs by 25 Kev. 
Tuais uy be purtiarly expiuined oy tne lacas or resolving power 
ОГ бше эхрьгішщепіоі moinod of Ghoupp et ul, ‘insir location 
und yield ог tse ilrsłst resonance peak was based essoatielly 
on one point, esd « wideh at nalf-maximum of 40 + lu xev for 
this resonanos Lay 06 suojeot to considereole error as nu ex- 
perimental joints were obtained along tie sides of tue rego- 
nance in the vicinity of ualf-aaximum, « resonenos width of 
this size does not seen consistent with the 3 Kev target reported 


unless there was a considerable spread in proton energies, which 


there vary well may keve bsen. This width of 40 + 10 Kev сош- 
nares with the § Kev width at half-maximum for the first reso- 
nance found in the present experiments. This resonance із 
shown to en expended nrroton епзгру scale with experimental 
points tn part of Figure 9, The neutron vield in the proton 
enerey region from 1,87) Mev to 2,150 Мет is shown to an ex- 
panded enarry scale in part B of "eure 9. Experimental 
points ars not shom as thay were teren st proton energy in- 
tervals of 1 to ? Yav and were connseted by straight lines 


with no attemot et fairing the cnryes, 


Second inriícisd ^odium Vreride Target. 


4 Second tarpet of approximately the зне thickness в 
the first tarpeet wis -renered from the ~ ified RecN ecrriched 
in E oy the seas antrad used $n the previously descriíbad 
targatu. This wornet was bomberded with en svsrags proton 
beam of 5 nicroemperes an energies Prom 1.065 ¡dev to 2.45 
Mev. ‘the neutron yield vs. proton snerzy plot is shown in 
Figure 10. Although the resonance at about 1.115 Mev found 
by Hinchey und Stelson (Hi51) in the i rsuction could 
aot be verified with this target it was thought that with 
the higher neutron yiold from a thiekor Sûret it might be 
found. Therefore its location is indicated as No. 1 and the 
first resonance found ia авва experiments 13 actually shown 
аз №. 2. 

ine NO. 2 resonuncs, whose maximum cocurs at a proton 


energy of 1.165 Mev, ів vory narrow und well-defined, and has 
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Figure 9 MN 
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a true width at half-maximum of 8 Kev. The No. 3 resonance, 
whose maximum ocours at a proton energy of 1.310 Mev, while much 
broader than the preceding one, is nevertheless, quite well- 
defined and has a true width at half-maximum of 41 Kev. The 
widths of these resonances at half-maximum were calculated by 
the method described in the discussion of the first enriched 
NaCN target. Since the experimental set-up was the same for all 
targets and since the neutron yield at the No. 2 resonance (E, = 
1.165 Mev) was the same for both the first and second enriched 
targets, they were assumed to have the same thickness. The meas- 
ured width at half-maximum was 8.5 Kev whioh, when corrected for 
target thickness, gave the same resonance width, 8 Kev, found in 
ἵν. Strat enriched target. In like manner the width at half- 
maximum of resonence No. 3 (E, = 1,310 Mev) was measured to be 
11.4 Kev which reduced to a true /? of 11 Kev when corrected for 
the target thiokness at this energy. These resonances are showm 
plotted to a much larger energy scale in Figure 11. 

Weak C resonances occur at about 1.664 Mev, 1.789 Mev, 
and 1.883 Mev, as well as the strong ones at about 2.024 Mev 
and 2.079 Mev. Suffioient οι contanination remained in the i 
NaON to obsoure the е” resonances at about 2.272 Mev and 2.451 
Mev. 

The background for this run is quite low and very steady. 
It was obtained during the run by olosing the flap valve just 
ahead of the target, thereby intercepting the proton beam, but 
permitting the counter to measure the neutron background at the 


time and under the conditions existing during the run on the target. 










Figure 11 
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Third Enriohed Sodium Cyanide Target. 
A third target of approximately three times the thick- 


ness of the first two targets of enriched NaCN was prepared 

in a like manner. This target was bombarded with an average 
proton beam of 5 mioroamperes and energies from 1.16 Mev to 
3.15 Mev. The results are plotted in Figure 12, and the ener- 
gy, amplitude and width et half-maximum of the resonances are 
tabulated in Table II. The oaloulations of resonance widths 
and target thicknesses are summarized in Table III. 

Since it was believed that all the resonanoes had been 
found in the two previous runs with thin targets, the neutron 
yield was measured at intervals of 7 to 8 Kev exoept in the 
region of known or suspected resonances, In these regions, 
points were obtained at intervals of 2 Kev or less. A total 
of nine шазопапсвв in this energy range were found. Repeated 
efforts to locate the resonance at about 1110 Kev, (shown as 
resonance No.l) found by Hinchey aná Stelson (Hi51) in the 
B un reaotion were unsuccessful. Resonance curves com- 
puted by the Breit-Wigner formula are shown by dotted lines 
for resonances No. 2 and No. 3 for comparison. These curves 
were computed by equation (4) on page 4: 

(4) go. wir (2.6 + 104 PAR 
(E = E)? e 


At resonance (E = Ер) the maximum cross-section (or neutron 


yleld) will be: 
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2 2 
(6) p πλ (la of [6 and the 
: 72, 
oross-ssction (or neutron yield) for a proton energy near 


resonanoe will be 





A E: | 
(7) тс = —— ` ze - where 
o1 Un 
("T 


2 
(8) Α΄ . (E - Ep) 


The /' used in these computations is the true [” obtained from 
the experimentally measured [ ”' correoted for the target thiok- 
ness at the proton energy of the resonance by equation (5) on 


page 37: 


2 
(5 00770 (6) 


The coincidence of the Brelt-/lgner curve kith the experimental 
curve for resonence No. 2 should be noted, 

The resonanees marked No. 7 and No. 8 on Figure 12 are 
shown to a larger energy scale in Figure 13. It is believed 
that these resonanoes are so close together that the neutron 
yield obtained for No. 7 is actually augmented by that of No. 
8, while on the contrary, No. 8 is influenced very little by 
№. 7. In order to obtain a truer picture of the yield and 
width at half-maximum of resonance No. 7, the low energy side 


of No. & resonance is drawn symetrioal with the high energy 
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side which is praotically ooincident with the Breit-Wigner 

curve for this resonance, The contribution of No. 8 to the 
yield of No. 7 is then subtraoted from the measured yield 
of No. 7 anà a new resonance ourve for No. 7 is shown beneath 
it. This resonance is almost identioal in shape with one 
computed using the Brelt-Wigner formula, equations (4), 
(6), (7), and (8) above, 


N 


sg 


Table II 

The proton energies of the resonance peaks, E. are de- 
ternined from the plot of the experimental points. The tar- 
get thiokness, Е, , at the energy of resonanoe No, 2, is de- 
termíned from the /* for this resonance (previously determined 
in the first and second targets) by the relation E, =" (ση), 
The terget thickness at the proton energies of the other re- 
sonanoes is determined by applying a oorreotíon feotor (shown 
in Table III) obtained from Figure 12, Appendix B, The pro- 
ton energies of the resonanoes correoted for target thickness, 
Ет,» are obtained by subtracting half the target thiokness, 
δε, from the measured reaonance peak energy, Eno The [ta 
are determined from the plot of experimental points. The 
Ps are obtained from ("ana Е, by equatíon (5),Г» (Гг - (κι). 2 
The neutron yields at resonance, Y, are obtained from the 
experimental plot. The exoitation energies of levels in N 
&re obtained by edding the proton energies of the resonanoes, 
Ert’ corrected to center of mass system by multiplying by 


(14/15), to energy level of ott + p, 10.207 Mev above the 


15 
ground level of N . 
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TABLE II 


Proton Energy, neutron yield, target thickness, and width at 
half-maximum amplitude of resonanoes found in the 
third NaCN enriched target 


Е. ~ Proton Energy at resonance peak maximum 
Ey - Target Thickness 
Ent - Proton Energy of resonance corrected for target thickness 
l" - Measured resonance width at half-maximum 
Г - Energy level width at half-maximum 
X - Neutron yield per microcoulomb at resonance peak 
1 
E. - Excitation energy of levels in N 2 
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Calculation of Target Thiokness and Resonance Widths at Half-Maxinun 
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CHAPTER Y 
CONCLUSIONS 


15 
The same energy levels in the compound nuoleus N 


can be excited by different reactions, tank қты 
К It is expected that the resonances in the yields 
of the reactions C νο, апай A с. М111 occur at 
energies differing by the C (p,n)N threshold, E, = 671 Kev 
(To 50). The positions of the resonences obtained in this 
experiment are con;ared with those obtained by others in 

Table IV. 

The agreement of this work with that of Hinohey and Stel- 
son (H150) on the е ч reaction, done concurrently here 
&t M.I.T. 1s excellent. It should be noted in Table IV that 
all nine resonanoes found in весь work are in agreement within 
the experimental errors, which, in each oase, arẹ quite small, 
In addition to this exoellent agrsement, three resonances, not 
previously reported in the literature, were found in both in- 
vestigations. 

The agreement of these experiments with those of Johnson 
and Barschall (Jo50) is also excellent and the four resonances 
reported by them are in agreement within the experimental 
errors. The smaller experimental errors, especially in the 
case of resonance No. 8, is noteworthy. The (p,n) yield curve, 
Figure 12 of this work, is quite similar to the (n,p) yield 


curve, Figure 3, in Johnson and Barschall. 








- = 


In comparing this work with that of Stebler and Huber 
(5548), the four resonances they determined are in agreement 
within the experimental errors, but their large experimental 
errors should be noted. 

None of the three resonances found by Barschall and 
Battet (BaL6) As in agreement, however, they listed no experi- 
mental errors. 

In comparison with the dicun: work of Shoupp et al. 
(Sh48) it is noted that only one of the six resonances they 
reported are in agreement, inspite of their rather large 
experimental errors. 

А partial energy level diagram for “ in the region 
between approximately 11 to 12,5 Mev above the ground state 
is shown in Figure 14. It is believed to be muoh more com- 
plete and accurate in the region covered than that shown in 
Hornyak, Lauritsen, Morrison and Fowler (Ho50). x most 


accurate value of the neutron binding energy in N is be- 





lieved to be 10.833 + .007 Mev according to Li et al. (L151). 
This value establishes the level for μ᾽ + n, and by sub- 
tracting the f^ wan threshold value of 0.671 Mev the 

” + p level is determined to be 10.207 Mev above the grouná 


15 
level of N . 
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Figure 14 Ἢ 
15 
PARTIAL ENERGY LEVEL DIAGRAM FOR N 


The proton energies of the resonanoes, E , 
shown in the Ci% + p section are in the P 
laboratory system and when oorreoted to the ` 
center of mass system and added to the ground 
level energy of Ci^ + p (10.207 Mev above ` 
ground level of N15) give the energy levels ` 
of N+>. 
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APTENDIX C 
Magnetic Field Regulation Using Nuclear 


Magnetic Resonance 


For many years the fundamental standard for measuring 
the strength of magnetic fields has been the voltage generated 
by a coil cutting a magnetio flux or a force upon a wire 
carrying a known current. In the case of the magnet used for 
deflecting the proton beam in the Rockefeller Electrostatic 
Generator neither of these methods is practical because in- 
sufficient spece within the uniform magnetic field ia not 
available without redesigning the chamber, and because remote 
control due to the high neutron flux is required. What has 
been needed in this case is a quantity which is readily meas- 
ured with precision and which is proportional to the mugnetic 
flux. 

For this application the use of nuclear magnetic re~- 
sonanos is ideal. A fundamental and unchanging property of 
atomic nuclei is used to relate the strength of a magnetic 
field in which the nuolei are placed and a frequency.  Atomio 
nuclei which have a resultant magnetio sment and angular momen- 
tum, if placed in а magnetio field, will tend to align then- 
selves with the field. In the process of approaching this new 
alignment, the direction of the angular momentum vector of the 
nucleus must change, which results in a precession of the 
nucleus about the axis of the orienting magnetic field. It is 
the frequency of this precession whioh 1s the characteristic 
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that is proportional to the strength of the magnetic field, 
It is related by the expression СО. = Уно where (dy, 18 
the radian frequency of this free precession, Y is known as 
the gyromagnetio ratio, and Ho is the strength of the field. 
If energy is applied to the nuclei at a frequency, Wy , near 
the frequency of free precession, Wy ‚ precession of the 
nuclei is induced at the frequency (dy. The externally mani- 
fested chereoteristics of the phenomenon are similar to the 
Gharacteristics of any of the more familiar resonant systems. 
The nuclear resonance phenomenon oan be readily applied 
to the control of magnetic fields because a voltage can be 
obtained directly from the equipment used to deteot the pre- 
cession hereafter called resonance. This voltage is propor- 
tional to the deviation of the magnetic field, Ho, from the 
equivalent-reference magnetic field, Href. Href.is a fictitious 
field that is proportional to the square of the measured, 
applied, reference frequency. Рог a control system, the dif- 


ference between the Href. and Ho is the error іл the magnetic 





field, and hence, the voltage obteined from the nuclear re- 

sonance equipment is ап error voltage. The error voltage can 54 

be used to control the current producing the magnetio flux 

and henoe a precision magnetic field regulator can be obtained, 
The use of nuclear magnetic resonance to control a mag- 

netio field can reduoe the variations in magnetic flux almost 

as may be desired. Nuclear resonanoe field control has been ' 

obtained which ranged in precision from the beast resultas of 

other types of controls, ie., about one part in 30 thousand 








= PO jon 


by Buechner at M.I.T., to better than one pert in a million 
by Bitter, Wimett and Adams at M.I.T. 

The measured applied reference frequency is obtained 
from a Model LR-3 Combined Heterodyne Frequency Meter and 
Crystal Controlled Calibrator Equipment, manufactured by the 
General Radio Company of Cambridge, Massachusetts. This 
equipment has a frequency measuring range of 160 Ke to 30 Me, 
and by harmonic extension, frequencies above 30 Mc may be 
measured, The equipment consists of a single unit which in- 
eludes all power supply equipment, heterodyne frequency meter, 
crystal calibrator, detector-audio amplifier and interpolator 
(electronic frequency meter}. It has an accuracy of 1 part 
in one hundred thousand which therefore sets the maxinum 
accuracy of the proton resonance equipment. 

For a complete description of nuclear resonence, both 
from the quantum mechanical point-of-view and from Newtonian 
physies, the reader is referred to the thesis, "Preoision 
Magnetic Field Regulation Using Nuclear Magnetic Resonance,” 





by F.A. Hadden, M.I.T., February, 1951, from which most of the 
above description was obtained. In addition to the above Ра 
description, the equipment, control system, nuclear resonance 
parameters, and practical considerations in construction are 


also disoussed at length. 
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